We report a simple approach for synthesizing monodispersed, crystalline and size-tunable tin sulfide nanoparticles for environment friendly next generation solar cell applications. Both SnS and SnS 2 nanoparticles could be a potential nanomaterial for solar cells. The structural, morphological, thermal and optical properties were investigated using X-ray diffraction (XRD), scanning electron microscopy (SEM), thermal gravimetric analysis (TGA), diffuse reflectance spectroscopy (DRS) and Fourier transform infrared spectroscopy (FT-IR). The XRD spectra revealed hexagonal and orthorhombic phases of SnS and SnS 2 nanoparticles, respectively, where the grains size ranged from 11 nm to 30 nm. The weight percentage as a function of temperature was determined using TGA analysis. Functional groups were observed by FT-IR. The energy bandgap was determined as 1.41 eV showing usefulness of the nanoparticles in next generation environmental friendly solar energy applications.
Introduction
For the last few decades, II-VI compound semiconductors, particularly cadmium based materials, have been the subject of research owing to their wide range of applications in optoelectronic devices. However, these materials are not environment-friendly; some of them are poisonous and badly affect the human health and environment. The health risks associated with the inhalation of cadmium have been well documented [1, 2] . The European legislation has introduced restrictions for the use of cadmium, particularly as a coating material for both the aerospace and the semiconductor industries [3] . This drove the researchers to work in the area of new environment-friendly semiconductors with suitable energy band gap. In this research, the attention has been given to the synthesis and characterization of tin-based chalcogenide semiconductors for the next generation environmental friendly solar material. * E-mail: nouman.rafiq@iiu.edu.pk
In daily life, humans face a direct or indirect exposure to nanomaterials present in the variety of products and processes of natural and man-made nanostructured materials [4] , which may cause cytotoxic effects, leading to various diseases in humans and animals [5] . Many of these are studied for their interactions with biological systems. However, tin sulfide is considered as intrinsic n-type semiconductor [6] . Tin sulfide has not been investigated thoroughly for its chemical, physical and toxicological properties. The sulfides of heavy metals are generally known to be insoluble, so it has a little toxic effect. Another important material having a potential for photovoltaic applications in the microelectronics industry is gallium arsenide, an inorganic arsenic compound that has impacted adversely on human health [7] . These arsenic compounds may cause irritation of skin and mucous membranes. One study found that the highly reactive surface of cadmium telluride quantum dots triggers extensive reactive oxygen damage to the human cell membrane. In addition, the cadmium telluride films are typically recrystallized in a toxic compound of cadmium chloride.
Nanoparticles of narrow bandgap IV-VI compound semiconductors such as SnTe, PbS, and SnS are optically active in NIR and IR regions, and are of great interest for their applications in photovoltaics, IR detectors, and biomedical applications [8] . These applications have stimulated the search for a convenient synthetic methodology to make tin sulfide nanoparticles with narrow size distributions and well-defined optical properties.
Synthesis of mono-dispersed chalcogenide nanoparticles with cubic structures has attracted much attention due to its simplicity. SnS adopts an orthorhombic layered crystal structure, similar to distorted NaCl structure. The synthesis of uniform nanoparticles of IV-VI semiconductors with layered structures, small enough in the quantum confinement regime, is still a challenge for the researchers' community.
Cubic tin sulfide is a binary chalcogenide semiconductor that has recently attracted interest because it is considered as an excellent candidate for absorbing material for the development of nextgeneration environmentally friendly solar cells. Therefore, SnS nanoparticles (E g = 1.1 eV to 1.4 eV) have a great potential as an absorber material [9] [10] [11] [12] [13] and in applications of solid state devices [14] [15] [16] [17] . It has the P-type conductivity which can be controlled with a variety of dopants. Both tin and sulfur are cost-effective, safe to handle and non-pollutant for the environment. Electrical properties of SnS including carrier concentration and resistivity have been reported in the literature [10, 18, 19] . Ullah et al. [20] have numerically analyzed the performance of PV based devices on SnS.
It is, therefore, very important to have detailed work on the physical characteristics of SnS nanoparticles and their suitability for photonics and optoelectronic device fabrication. In this paper, an attempt has been made to prepare SnS nanoparticles using co-precipitation method and their physical properties have been investigated in terms of photovoltaic applications.
Experimental

Synthesis of tin sulfide nanoparticles
Tin sulfide nanoparticles were synthesized through wet chemical route with the following fundamental steps. The precursor materials were completely dissolved in deionized water and mixed in a flask for stirring till complete mixing. After few minutes, precipitates were formed, which were filtered and further washed to remove impurities. The flow chart for synthesis process is shown in Fig. 1 . All the chemicals used in this work were of analytical grade with high purity. Tin chloride (SnCl 2 ·2H 2 O) and sodium sulfide (Na 2 S) were taken as tin and sulfur precursors, respectively. 0.5 molar solutions of SnCl 2 and Na 2 S were prepared in two different flasks. Sodium sulfide solution was added dropwise into the tin solution with continuous stirring. The turning of colorless tin chloride solution into dark brown indicated the formation of SnS nanoparticles. The solution was stirred continuously with a magnetic stirrer for 2 hours. Then, the precipitated particles were further centrifuged at 400 rpm for 5 min and washed several times with deionized water and ethanol. The final product was dried at 80°C in the oven for 2 hours. Fig. 1 shows the fundamental steps for synthesis of nanoparticles. 3. Results and discussion
Structural analysis
To examine the structural properties, the SnS nanoparticles have been characterized and evaluated through X-ray diffractometry (XRD). X'Pert Phillips diffractometer with CuKα radiation at a wavelength of 1.5 Å was used. The lattice parameter of the nanoparticles was determined by a well-known Bragg relation:
and the relation:
The interplanar spacing d of the planes was calculated as 1.337 Å and the lattice constants as: a = b = 3.65 Å, c = 5.60 Å. Using Scherer formula, the particle size was also estimated:
where the τ is particle size, θ is Bragg diffraction angle, λ is X-ray wavelength and β is full width at half maximum (FWHM) for the diffraction peak at 2θ. The average particle size was measured as 22.1 nm. All of these lattice parameters were calculated using X'Pert High Score software.
Scanning electron microscopy
SEM images have been taken to investigate the surface morphology of the obtained tin sulfide nanoparticles. The image in Fig. 3 shows nanometer size, uniformly distributed grains covering the whole surface. The particles are in aggregation state due to extremely small dimensions and high surface area. It is clearly shown that the nanoparticles are oval in shape with different sizes. The particle size distribution was evaluated by taking the average of size of these particles, which is 50 nm with an uncertainty of ±10 nm. Probably the variation in size is due to the synthesis conditions and therefore it is crucial to optimize the growth conditions to get the controlled size nanoparticles. Fig. 4 shows energy dispersive spectroscopy (EDS) analysis of tin sulfide nanoparticles. The EDS analysis revealed the presence of Sn and S, however sodium was also detected in the EDS study.
The atomic and the weight percentages of the elements, as observed in EDS spectra, are given in Table 1 .
A significant amount of oxygen, chlorine and sodium was found in the EDS analysis. The oxygen was present in the air during the drying process. 
Thermogravimetric analysis
The weight of nanoparticles was monitored as a function of temperature and time by thermogravimetric analysis (TGA). TGA was used to analyze sample composition, thermal stability and kinetic parameters of the chemical reaction of nanoparticles. A small quantity of the sample was heated from 0°C to 1000°C with steps of 10°C/min. The graph presented in Fig. 5 explains the thermal stability of the sample, where continuous decreasing in weight was observed by heating the sample up to 300°C. This decrease in weight was due to evaporation of water. The weight of the sample was around 4.28 % of initial material. On further heating from 400°C to 500°C, the weight was decreased drastically probably due to the oxidizing of sulfur. About 57 % of the material was left as a residue in the sample.
The melting point of Sn is quite low, around 231.9°C, on the other hand, the boiling point is very high i.e. 2602°C. Thus, the remaining residue in the sample is pure tin which was in amount about 55 % in the starting material.
Optical analysis
The optical properties of the sample were characterized by diffuse reflectance spectroscopy. The spectra were measured in the range of 250 nm to 1000 nm. The optical band gap of the nanoparticles was calculated using Kubelka-Munk function and Tauc plot:
where R is the reflectance, h is Planck constant, ν is frequency of vibration, B is proportionality constant and E g is the energy bandgap (eV). The values for n are 1/2 and 2 for direct allowed and indirect allowed transitions, respectively.
The obtained diffuse reflectance spectrum has been converted to Kubelka-Munk function F(R). Thus, the vertical axis is converted to F(R ∞ ), which is proportional to the absorption coefficient α. Using the Kubelka-Munk relation, (hν·F(R∞)) n was plotted as a function of energy. The curve of (hν-(hν·F(R∞)) 2 ) and the respective tangent on the horizontal axis hν and the vertical axis (hνF(R∞)) 2 have been drawn. The unit for hν is eV, and its relationship to the wavelength λ (nm) becomes hν = 1239.7/λ.
A tangent has been drawn to the point of inflection and hν value at the point of intersection with the horizontal axis, which defines the energy band gap E g value, has been determined. The direct band gap of SnS nanoparticles is 1.41 eV as shown in Fig. 6 . 
Conclusions
Tin based chalcogenide nanoparticles were fabricated by co-precipitation method for next generation environmental friendly solar cell applications. The structural, morphological, optical and thermal properties were investigated using XRD, SEM, EDX, DRS, FT-IR and TGA. The XRD revealed orthorhombic phase of tin sulfide nanoparticles with average particle size of 22.1 nm. The particle size of 50 nm was confirmed by SEM with ±10 nm uncertainty. The elemental analysis by EDX showed that the content of tin and sulfur was 56.82 wt.% and 15.10 wt.%, respectively. TGA was used to study physical and chemical changes in the sample as a function of temperature. We observed that with increasing temperature the weight of the sample was reduced. The presence of functional group was confirmed by FT-IR; the strong peak was observed for SnS at 930 cm −1 . The optical bandgap of 1.41 eV was evaluated using KubelkaMunk function and DRS. Such bandgap is favorable for photovoltaic devices.
